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Available online 6 May 2015AbstractIn this study, a mathematical model was developed to optimize the heat treatment process for maximum tensile strength and ductility of
aluminum (8011) silicon carbide particulate composites. The process parameters are solutionizing time, aging temperature, and aging time. The
experiments were performed on an universal testing machine according to centre rotatable design matrix. A mathematical model was developed
with the main and interactive effects of the parameters considered. The analysis of variance technique was used to check the adequacy of the
developed model. The optimum parameters were obtained for maximum tensile strength. Fractographic examination shows the cracks and
dimples on the fractured surfaces of heat-treated specimen.
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Metal matrix composites synthesized by incorporating the
hard ceramic particles like silicon carbide (SiC) into the
aluminum alloys achieve good mechanical properties. These
composites are light weight and show good hardness property
which qualifies them as structural materials especially for
wear resistant and weight critical application. This motivates
the researchers to investigate the aging behavior of this cate-
gory of metal matrix composites [1]. The age hardening
characteristics of an alloy can be generally tailored by intro-
ducing the reinforcement. Many changes may be due to
manufacturing process, reaction between reinforcement and
matrix, size, morphology and volume fraction reinforcement
[2]. Many studies have been carried out to develop the
improved aluminum-based composites with the aim of* Corresponding author. Tel.: þ91 9629935044; fax: þ91 44239734.
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2214-9147/Copyright © 2015, China Ordnance Society. Production and hosting byachieving better mechanical properties. In general, many
techniques have been developed to fabricate the SiC particle
reinforced aluminum alloy composite, including casting,
powder metallurgy, pressure infiltration and spray deposition
methods. Among all the fabrication methods, the stir casting
technique is attractive due to its uniform distribution of rein-
forcement, flexibility and mass production [3]. These com-
posites play a vital role in the engineering applications like
aerospace, military, and civil manufacturing industry. Skibo
et al. [4] studied the age hardening behavior of a 30 wt% SiCp/
Al composite and found that the aging response was very
rapid, in that order only 1 h aging at 120 C, peak tensile
strength of 45% and peak hardness of 69% were attained,
compared to Al alloy. Das et al. [5] discussed no difference in
the aging response of as-cast without reinforcement of
Al(6061) and 10 and 20 wt% of SiC reinforced 6061 Al
composites in their studies of strength and elongation of these
materials as a function of aging time at 175 C. With extensive
data available on the heat treatment of 8011 Al alloys with
conventional alloying elements, no much has beenElsevier B.V. All rights reserved.
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particularly with silicon carbide reinforcement. Hence, the
need for research on this area is justified. The aim of the
present research is to study the aging hardening characteristics
of 15% SiCp/8011 Al particulate composites.
2. Experimental procedure
8011 aluminium alloy and 15%SiC particles were used as
the metal matrix and the reinforcer, respectively. The com-
posites were manufactured through stir casting under argon
atmosphere. The melt was cast into a permanent die, and an
ingot with 35 mm in diameter and 70 mm in height was
prepared after the feeder head was removed. The cylindrical
rod was machined into a 30 mm diameter specimen, and then
it was hot-extruded into a 16 mm diameter rod in four stages.
The forming process was performed at 500 C. During the
extrusion process the punch speed was 0.01 m/s and the
graphite lubricant was used. The extruded rod was heat-treated
in a solution for 3 h at 530 C followed by cold water
quenching to room temperature. The rod was artificially aged
in the range from 130 Ce210 C for 1e9 h. The tensile test
specimens were arranged as per the ASTM-E8M standard.
The length and diameter of the gage were 45 mm and 9 mm,
respectively. Tensile tests were conducted using a universal
testing machine. The hardness measurements were performed
by using a microhardness tester with a constant load ofTable 1
Process parameters and their levels.
Level
Parameters 1.682 1 0 1 1.682
Solutionizing time (A)/h 1 2 3 4 5
Aging temperature (B)/C 130 150 170 190 210
Aging time (C)/h 1 3 5 7 9
Table 2
Mechanical properties of the 8011 Al/15% SiCp composite.
Sl. no. Solutionizing time (A)/h Aging temperature (B)/C Aging tim
1 4 190 7
2 2 190 7
3 4 150 7
4 2 150 7
5 4 190 3
6 2 190 3
7 4 150 3
8 2 150 3
9 5 170 5
10 1 170 5
11 3 130 1
12 3 130 5
13 3 210 9
14 3 170 1
15 3 170 5
16 3 170 5
17 3 170 5
18 3 170 5
19 3 170 5
20 3 170 5500 kgf. The hardness values were averaged over three mea-
surements taken at different places on the cross-section. The
deviation of hardness with aging time for different aging sit-
uations was investigated. The sample specimens were pre-
pared for micro structural examinations as per the standard
procedure of grinding and polishing by etching in Keller's
reagent. Optical microscopy was used to estimate the distri-
bution of SiC particles. The fracture surface of the composite
was also examined by using SEM.
3. Response surface methodology
Response surface methodology (RSM) is an approach to
determine the relationship between various process parame-
ters with the various machining criteria and explore the effect
of these process parameters on the coupled responses, i.e.,
tensile strength and microhardness. The equation of the
second-order polynomial response surface methodology is
given below
Yu ¼ b0þ
Xk
i¼1
bixiþ
Xk
i¼1
biix
2
i þ
Xk
j〉1
bijxixj ð1Þ
where Yu is response; xi (1,2, …,k) is the coded level of k
quantitative variables;b0 is the constant term, where bi, bii, and
bij are the coefficients of the linear equation. The nonlinear
form of Eq. (1) was converted into a linear form through the
logarithmic transformation. It was used to develop response
surface regression form. To create the calculation method, a
software package mini Tab was used to find out the co-
efficients of mathematical modeling based on the response
surface regression form. The level of parameter chosen for the
trial was given in Table 1. Twenty experiments are carried out
according to the central composite design. The experimental
design matrix and results were given in Table 2.e (C)/h Tensile strength/Mpa Yield strength/Mpa Microhardness
203 189 58
224 196 63
182 169 70
172 165 53
174 151 53
182 164 70
213 180 63
188 181 57
131 121 53
132 129 54
167 145 58
158 148 59
197 169 58
208 182 64
262 233 68
265 235 67
262 232 66
265 229 67
266 233 68
265 234 69
Table 4
Microhardness.
Source of
variation
Degree of
freedom
Sum of
squares
Mean sum
of squares
F value P value
Regresssion 9 696.89 77.43 60.01 0.000
Linear 3 384.73 128.24 99.39 0.000
Square 3 112.49 112.44 87.14 0.000
Interaction 3 337.32 106.41 82.47 0.000
Lack of fit 5 7.404 1.481 1.35 0.376
Error 5 5.500 1.1
Total 19 709.8
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The mathematical relationship obtained for analyzing the
influences of the various dominant tensile parameters on the
tensile strength (TS ) criteria is given by
TS¼ ð276:62AÞ  ð20:16BÞ ð30:49CÞ  33:27A2
 0:06B2 3:04C2 ð0:04ABÞ  ð1:75ACÞ/
 ð0:4BCÞ  1809:78 ð2Þ
R2 ¼ 99:9%
The mathematical relationship for correlating the micro-
hardness (Ha) and the considered process variables was ob-
tained as follows
Ha¼ ð61:58AÞ þ ð2:423BÞ  ð2:782CÞ  3:504A2
 0:005B2/0:151C2 ð0:281ABÞ þ ð1:437BCÞ
þ ð0:0BCÞ  224:623/
ð3Þ
R2 ¼ 97:9%4.1. Analysis of the developed mathematical modelsThe second-order polynomial models were developed for
tensile strength and microhardness. The fit summary indicates
that the quadratic form is statistically significant for analysis
of tensile strength and microhardness. R value is 99.85%,
which indicates that the developed regression model is
adequately significant at 95% confidence limit. It provides an
excellent connection among the process parameters and the
response tensile strength and microhardness. An analysis of
variance (ANOVA) for tensile and microhardness is presented
in Tables 3 and 4. The related p value for the model is less than
0.05 (i.e. level of significance a ¼ 0.05, or 95% confidence
limit), which indicates that model can be measured statically
considerable. It is clear from Table that the error between
experimental value and predicted value is less than 5%. The
end result proves that the solutionizing time, aging tempera-
ture and aging time have effect on the tensile strength and
microhardness.
The centre line indicates the lower and upper limits of
confidence intervals at 95%. Fig. 1 indicates that except oneTable 3
Tensile strength.
Source of
variation
Degree of
freedom
Sum of
squares
Mean sum
of squares
F value P value
Regresssion 9 39307.4 4367.5 783.1 0
Linear 3 1706.6 4178.3 749.18 0
Square 3 32973.3 12272.2 2200.49 0
Interaction 3 4627.5 1542.5 276.58 0
Lack of fit 5 40.9 40.9 2.76 0.145
Error 5 14.8 14.8
Total 19 39363.2experimental value, all the values with confidence intervals of
95%. Hence the fitted values give better results for future
prediction, which was confirmed by experiments. In general,
the analysis of residuals in Fig. 1 do not reveal any inadequacy
of the model. Moreover all the residual values fall within the
control limit as well [6].
5. Results and discussion5.1. Effect of solutionizing timeThe effect of solutionizing time on the precipitation
behavior of the 8011 Al/15% SiCp composite was subjected to
solutionizing at 530 C over time period for 1e5 h. The
temperature specimens was then lowered to room temperature
by quenching in water. The specimens were tested by using
microhardness tester. The test results are shown in Fig. 2.
From Fig. 2 it is observed that the microhardness of the
specimen subjected to 3 h solutionizing is superior than those
subjected to 1 and 2 h solutionizing. It is also seen that 4 or 5 h
solutionizing does not result in substantial development in the
hardness compared to hardness achieved for 3 h solutionizing.
Hence, 3 h solutionizing time is inferred as the most favorable
time for 8011 Al/15% SiCp composites. Because the quantity
of solute atoms is more, the local deformation of the lattice is
larger, and hence the resistance to the moving disorder is
greater. Therefore, it will raise the microhardness. The sol-
utionizing at 5 h, the solute atoms is forming changeover solidFig. 1. Residual values vs. fitted values for tensile strength.
Fig. 2. Effect of solutionzing time on microhardness.
Fig. 4. Tensile properties of the composites.
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Therefore, the microhardness value is reduced.5.2. Microhardness of the composites as a function of
aging timeIn this paper the effects of aging temperature and time on
the precipitation process were studied. The sequence of op-
erations is solutionizing at 530 C for 3 h quenching and
artificially aging at different temperatures (130 Ce210 C)
over time period for 1e9 h. The specimens were then tested
for microhardness. The test results were presented in Fig. 3.
From the results it is found that the microhardness of the
specimen subjected to 5 h aging is superior than those sub-
jected to 1e4 h aging. Moreover, it is also seen that the aging
of6e9 h does not result in appreciable improvement in the
hardness compared to hardness achieved for 5 h aging. Hence,
the aging time of 5 h is inferred to be optimum for 8011 Al/
15% SiCp composites [7]. So the increase in the hardness of
the composite at aging stage(1 h at 130 C) is attributed to the
creation of G.P zone and ø” phase. Further the increase in the
hardness of the composite at peak aging stage (5 h at 170 C)Fig. 3. Effect of aging time on microhardness.is attributed to the formation of ø’ phase. The decrease in the
hardness starts with the formation of the stable ø phase in
over-aging condition (9 h at 210 C).5.3. Tensile propertiesThe tensile strength of 8011 Al/15% SiCp composite was
increased from 139Mpa to 167Mpain the under-aging condi-
tion (1 h at 130 C), as shown in Fig. 4 and Table 5. This may
be due to the presence of harder SiC particles, which restrict
the plastic deformation of the matrix with SiC particle of 15%
volume fraction. More load was transferred for plastic defor-
mation due to constraint by SiC particle, which also resulted in
a higher tensile strength of the composite [8].
The tensile strength was increased from 167Mpa to
265 Mpa in peak aged condition (5 h at 170 C), as shown in
Fig. 4 and Table 5. From this value, it is concluded that the
tensile strengths of the composites are greater than that of the
aluminum base alloy. Because the improvement in ductility of
composites can be attributed to the coupling effect of
numerous small Si particles due to growth restriction and
thermal modification during the heat treatment [9].
The tensile strength was decreased from 265 Mpa to
197Mpa in the over-aging condition (9 h at 210 C), as shown
in Fig. 4 and Table 5. Whereas ageing at higher temperatures
leaded to softening and the ductility also decreased with the
increase in aging time and temperature [10].Table 5
Tensile properties of composite material.
Sl.
no
Material
description
Yield
strength/Mpa
Tensile
strength/Mpa
%
elongation
Microhardness
1. 8011 Al 125 139 13 41
2. 8011 Al/15%
SiCp UA
145 167 4.8 58
3. 8011 Al/15%
SiCp PA
229 265 6.2 67
4. 8011 Al/15%
SiCp OA
169 197 9.1 57
Fig. 5. Fracture surfaces of the composites after tensile testing and aging for
1 h with volume fraction SiC particle 15%, respectively.
Fig. 7. Fracture surfaces of the composites after tensile testing and aging for
9 h with volume fraction SiC particle 15%, respectively.
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1 h at 130 C) reveal two operating fracture mechanisms:
micro-void formation and SiC particle cracking, as shown in
Fig. 5.
The fracture surfaces of peak-aged composites (aging for
5 h at 170 C) discover the coexistence of ductile and cleavage
fractures, as shown in Fig. 6. The SEM image of 8011 Al/15%
SiC composite shows the shallow dimples as well as ductile
shear bands, indicating the sufficient amount of ductility
retained in the composite. It is concluded that the size and
depth of dimples decrease with the increase in SiC particles.
The many small dimples are nucleated by huge number of
closely spaced particles in the SiC network in 8011 Al/15%
SiC composite [11].
Therefore, the decrease in tensile strength would be
induced by the significant agglomeration of SiC particles andFig. 6. Fracture surfaces of the composites after tensile testing and aging for
5 h with volume fraction SiC particle 15%, respectively.the presence of fractured particulates as well as some inter-
facial de-bonding in over-aging condition (9 h at 210 C), as
shown in Fig. 7.
6. Analysis of response optimization
Based on the developed second e order response surface
equations, i.e., Eq. (2), for correlating the various process
variable effects with the tensile strength and hardness opti-
mality searches can be obtained. This is carried out to deter-
mine the optimal combination of the tensile parameters and
their combined effect on the desired response criteria [12]. The
optimality search model for the different process variable
position for maximizing the tensile strength and microhard-
ness values is based on response surface methodology. Fig. 8
shows that solutionizing time is 3 h, aging temperature is
170 C, and aging time is 5 h. The most favorable values of
tensile process parameters for different aging criteria are alsoFig. 8. Optimum results for maximum ultimate tensile strength and maximum
microhardness.
Table 6
Optimum values of the tensile parameters considering tensile strength &
microhardness.
Parameter Optimum
values
Tenstil
strength/Mpa
Microhardness(Ha)
Solutionizing time/h 3.5
Aging temperature/

C 170 265.55 67.17
Aging time/h 5
395V. VEMBU, G. GANESAN / Defence Technology 11 (2015) 390e395shown in Table 6. Tensile strength and microhardness can
achieve to 263 Mpa and 67.14, respectively, through the
optimized parametric combination.
7. Conclusions
1) The second-order polynomial models were developed to
predict the tensile strength using the response surface
methodology.
2) The response surface methodology was used to study the
effects of the parameters and their interaction on tensile
strength.
3) The residual plots for tensile strength were generated.
From the plots it is observed that the regression model is
well fitted with the observed values and a high correlation
exists between fitted values and observed values.
4) Solutionizing time has more influence on the tensile
strength of the composite compared to the other two pa-
rameters, viz., aging temperature and aging time.
5) From the developed mathematical model, the optimal
parametric combination, i.e., solutionizing time (3 h), aging
temperature (170 C), aging time (5 h), was found out to
achieve the maximum tensile strength of 265 Mpa and the
microhardness of 67.17. The effective utilization of tensilefor 8011e15% SiCp composites for achieving the optimal
combination of enhanced tensile strength has been
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